Abstract: Keratin fibers from chicken feathers were modified through graft copolymerization with methyl methacrylate in an aqueous medium, using a KMnO 4 / malic acid redox system. Original and grafted fibers were characterized by IR and Raman spectroscopy and their thermal behavior was studied by both differential scanning calorimetry and thermogravimetric analysis. The grafted fiber surface was characterized by scanning electron microscopy. The characterization results show that grafting was effectively achieved and this was confirmed by a ninhydrin test after acidic hydrolysis of the grafted keratin.
Introduction
Use of natural fibers in recent years has attracted enormous interest because of their advantages over synthetic fibers and also due to the increasing interest in the environmental applications of cellulose, silk and wool fibers. An abundant source of natural fibers is keratin, a component of nails, hair, wool, and feathers among other natural products. Keratins are durable, with high strength and low density. Interestingly enough, chicken feathers amount more than 4 million tons of waste worldwide, representing an important by-product of the poultry industry [1] specially because of the attractive fiber properties, which make them a potential useful material, currently unexploited. An extensive characterization of keratin fibers from chicken feathers has been reported in a previous publication [2] .
Aiming to increase and to diversify the uses of natural fibers, several studies have been accomplished to modify their properties through different approaches, such as grafting. The object of this process is to introduce synthetic polymers into the main polysaccharide or polypeptide chain and thus to confer specific additional properties to the fiber itself, without diminishing its intrinsic characteristics [3] .
Gupta and Sahoo [4] showed that grafting of monomers containing hydrophobic groups could be made by using metal chelates to improve the hydrophobicity of the cellulose. In turn, Bianchi et al. [3] gave examples of modified properties through grafting: the tensile strength and abrasion resistance were improved with acrylonitrile grafted on cotton fabrics.
The modification of natural protein fibers through grafting has thus become an attractive technique, since it allows the improvement of some naturally poor characteristics associated to the actual fibers. For instance, silk crease recovery, dimensional stability, rub resistance, photo yellowing, oil and water repellency, color fastness, have been dramatically improved [5, 6] by means of grafting. In the case of wool, the internal deposition of different polymers may change tensile properties, felting shrinkage, abrasion and pilling resistance, hygroscopicity, chemical resistance, thermal stability, dying behavior, rot resistance, durability and bacterial resistance [7, 8] .
Grafting onto fibers is based on a heterogeneous reaction produced by radical formation on the selected fibers where the monomer polymerizes. Free radicals can be produced by both chemical and physical methods, including the use of redox systems, oxidant agents or low and high-energy radiations [7] . A very effective method of generating free radicals under mild conditions is by one-electron transfer reaction, induced by redox initiation [9] , which has been frequently used in grafting and polymerization.
Unwanted homopolymer formation from the grafting monomer can be reduced to a minimum by using oxidation-reduction initiation methods which selectively generate initiation sites for graft chain growth on the backbone polypeptide in the keratin case [10] . Different studies on natural and modified wool fibers indicate that the preferred grafting sites are the thiol groups on cystine aminoacid [7, 9] . However, NH and OH have also been found to act as reactive sites [11] . In Fig. 1 , a backbone chain of keratin with the most abundant aminoacids [1] is schematically shown, where one can appreciate the possible reaction sites for grafting. In redox initiation procedures numerous reducing agents such as alcohols, thiols, ketones or acids in combination with oxidizing metal ions such as Mn(III), Mn(VII), Ce(IV), V(V), Co(III), Cr(VI) and Fe(III) have been employed. For example, in the polymerization of acrylamide, acrylonitrile, methyl methacrylate and vinyl acetate using potassium permanganate, the manganese dioxide produced by the reaction between monomer and permanganate reacts with reducing agents to yield highly reactive Mn(III) ions. These Mn(III) ions react in turn with hydroxycarboxylic acids (a reducing agent) to produce free radicals in aqueous medium. In this type of systems, acids such as malic, tartaric, citric and lactic have been used to produce the required free radicals that initiate the polymerization or the grafting.
Experimental part

Raw materials
Keratin fibers, kindly supplied by Dr. Walter Schmidt, were obtained according to a patented process (U.S. 5750030, 1998): after leaving the poultry-processing plant, the water-laden feathers are washed with ethanol and dried to have clean white, sanitized, odor-free feathers. They are then fed to a shredder whose blades pulverize the quills, and an air stream separates the fibers from the mixture. Only the fiber fraction is used in this study.
Methyl methacrylate (MMA) monomer, supplied by Sigma-Aldrich with a purity degree of 99% (with 10 -100 ppm of monomethyl ether hydroquinone as polymerization inhibitor) was washed with a 5% NaOH aqueous solution, dried with anhydrous Na 2 SO 4 and finally distilled under nitrogen before use.
Potassium permanganate (KMnO 4 ), sulfuric acid (H 2 SO 4 ), malic acid, acetone, hydrochloric acid (HCl) and ninhydrin were used without further purification. Distilled water was used as reaction medium and to prepare the ninhydrin solution.
Grafting procedure
Poly(MMA)-grafted feather fibers were prepared as follows: dried fibers (0.5 g) were swollen with water at 50°C for 15 min, the material to liquor ratio was 1:150. The required quantities of KMnO 4 , malic acid, H 2 SO 4 and MMA monomer (listed in Tab. 1) were transferred to the stirred reaction flask. The temperature of reaction was 50°C and the reaction time was 4 h. Thereafter the fibers were withdrawn and washed with boiling water and acetone to remove the MMA and oligomers adhered to the fiber surface. The fibers were dried before characterization. Infrared spectroscopy was performed using a FTIR 510 Nicolet spectrophotometer through the diffuse reflectance technique with a spectral resolution of 4 cm -1 and 32 scans. Raman spectra were recorded on a 910 Nicolet spectrometer with the following conditions: 32 scans and a spectral resolution of 4 cm -1 .
The fibers were analyzed by differential scanning calorimetry in a DSC 2910 TA Instrument. Fiber samples were heated at a rate of 10°C/min from 25 to 400°C with a flow of N 2 while the differential heat absorbed was recorded. The degradation of the keratin fibers was observed by thermogravimetric analysis using a TA Instruments 2950 with nitrogen, heating fiber samples with a rate of 10°C/ min.
To obtain information on the morphological features of surface and microstructure of keratin fibers, a series of scanning electron microscopy (SEM) pictures was produced, using a JEOL JSM-5200 field emission microscope. The keratin fibers were attached to a double-sided adhesive tape over aluminium stubs, then coated with gold and finally observed through SEM.
Ninhydrin test
Hydrolysis of PMMA-grafted keratin fiber was carried out with 6 N HCl at 130°C for 24 h. In this treatment all the feather protein goes into solution as aminoacids. The residue was washed, dried and studied by IR spectroscopy. The hydrolytic product of feather fiber was filtered and a few drops were added to 1 ml of a solution of 0.2 g of ninhydrin in 50 ml of water. The test mixture was heated to boiling for 15 -20 s.
The dry residue was also tested in this manner.
Grafted polymer fraction
The dried PMMA-grafted keratin fiber was weighed (W 1 ) prior to hydrolysis and then after this treatment. The resinous residue containing PMMA bonded to aminoacid remains was also weighed (W 2 ). The grafted polymer percentage then can be calculated as 100 · W 2 / W 1 .
Results and discussion
Methyl methacrylate monomer was graft copolymerized onto keratin fibers from chicken feathers, initiated by the malic acid / KMnO 4 redox system, which involves the generation of macro keratin radicals formed by the attack of primary radical species from the fiber backbone. Keratin possesses a number of pendant functional groups as -NH 2 , -COOH, -SH and -OH, which can form the active sites where the MMA monomer can be grafted. [12] . According to Misra et al. [12] and Sarac [9] , the possible reaction mechanism is schematically depicted in Fig. 2 : as soon as the free radicals are formed, they can either initiate the polymerization to form PMMA chains, which can give a homopolymer, or they can attach to the active sites of the keratin fiber to produce the grafting [12] . At the same time the malic acid / KMnO 4 redox system minimizes homopolymer formation.
Different studies have shown that grafting may cause slight or severe changes in the thermal behavior of the fibers, the extent of which depends on several parameters, such as the kind of used monomer, grafting conditions and grafting percentage [5] [6] [7] . The results of DSC are summarized in Fig. 3 . The peaks between 240 and 280°C correspond to the destruction of disulfide bonds and the denaturation of the helix structure [7, 13] . It can be observed that the grafting causes a slight shift to 306°C. At the same time, a new endothermic peak appears at 327°C associated with the thermal degradation of PMMA [14] [15] [16] . Results obtained from thermogravimetric analysis (TGA) are plotted in Fig. 4 . The first mass loss (3 -5%) from 25°C to around 55°C is due to the loss of water. The second process occurring from 222 to 392°C with a decrease in fiber mass ranging from 10 to 78% is associated to a general rupture of disulfide and peptide bonds. The beginning of this stage coincides with the endothermic peak in DSC corresponding to the melting of α-keratin. In this process, the same behavior is observed for ungrafted and grafted fibers. This could be an indication of the compatibility between the fiber and polymer and that the α-helix is not affected during the treatment.
FTIR spectra of untreated and chemically modified keratin fibers are shown in Fig. 5 . In these, in addition to the characteristic vibration shown by the untreated fiber [1] , we can observe interesting changes. For example, the band at 3080 cm -1 is increased with respect to the signal at 2878 cm -1 . This modification is due to the aliphatic chain enlargement joined to the NH-R group, so as originally the fiber has a CO-NH-R group and the N-H bond is a suitable grafting site. In the same way the peak at 2970 cm -1 changes when it is compared to the 2933 cm -1 band. This fact is due to the increment in the aliphatic chain as a consequence of the grafted polymer, which agrees with Belfer et al. [17] . It is clear that this band (2970 cm -1 ) corresponds to the graft inasmuch as the spectrum of PMMA shows this assignment [18] . Taking the band at 1537 cm -1 as a reference, the peak at 1666 cm -1 is diminished: this is due to the reaction in the CO-NH-(amide I) group of keratin, with which this bond is affected.
Over 1455 cm -1 the signal changes when it is compared to the bands at 1377 and 1230 cm -1 . This corresponds to the increasing aliphatic chain. In the ungrafted fiber spectrum, we can observe a peak at 1171 cm -1 that disappears in the PMMA-grafted fiber. This is assigned to the C-C=O bond, modified during the reaction in keratin carboxyl groups. On the other hand, at 930 cm -1 appears a new peak, which corresponds to the C-O-C moiety in PMMA.
Raman spectra are shown in Fig. 6 , where we can observe an increase in the signals at 2930 and 1110 cm -1 , corresponding to changes in the aliphatic chain, together with a new shoulder at 3050 cm -1 , corresponding to v(CH 3 ) of -O-CH 3 [19] at 1663 and 1234 cm -1 . The peaks are diminished since the corresponding signals of CO-NH-(amide I) and v(CN)-δ(NH) (amide III) [2, [20] [21] [22] , respectively, are affected by the grafting reaction. Surface characteristics of ungrafted and grafted fibers may be observed in Fig. 7a-e . In both cases, it is possible to observe that these fibers are not hollow as tubes, but filled. The cleft lines or striations along them give rise to surface roughness, which can contribute to the interfacial strength in the composites. This roughness undergoes modifications, as can be seen in Fig. 7d and e, that increases the fibers' surface area. At the same time, the well defined nodes in ungrafted fibers (Fig. 7c) suffer a slight degradation due to the treatment. Besides, small deposits of a different material are visible on the surface of the sample. These deposits could be reasonably attributed to homopolymer residues. The filtrated solution from the hydrolysis once neutralized gave a positive ninhydrin test, making a complex between the ninhydrin and the aminoacids, as was shown by a violet coloration; also the residue gave a positive test. According with the work presented by Misra et al. [12] the presence of aminoacid residues in the isolated grafted polymer shows it to be covalently attached to the keratin fiber. IR spectra depicted in Fig. 8 show changes in the residue spectrum (II) at different bands. In the region from 2500 to 4000 cm -1 , the bands at 3281, 3061 and 3028 cm -1 correspond to the feather fiber groups (III) v(NH) amide A and v a (NH) amide B [2] , whereas the peaks at 2930 cm -1 -v(CH 3 ) and 2851 cm -1 v(CH 2 ) -are from both PMMA and feather fiber and correspond with the aliphatic chain that is increased with grafting. Fig. 8b represents the region from 400 to 2000 cm -1 and there we can find the signals The grafted polymer fraction was determined for the following reaction conditions: 4 h and 50°C, resulting in a value of 24.75%, averaged after five tests. It is important to mention that keratin without any grafting was also hydrolyzed and no residue was obtained. That leads us to conclude that the resinous residue utilized to determine the fraction of grafting is indeed a good measure of the polymer grafted in the polypeptide chain.
Conclusions
Graft copolimerization of PMMA onto feather fibers by the malic acid / KMnO 4 redox system can be accomplished with a satisfactory yield. Many reactive sites, such as N-H and O-H groups, which are present in the aminoacid side chains of keratins, are likely the chemical reaction points that favor the reaction, as indicated by the IR results.
Thermal analysis determined that grafted keratin fibers undergo only slight changes in thermal behavior: for ungrafted fibers the decomposition process occurs mainly from 240 to 280°C and for grafted fiber from 240 to 306°C, with a new peak from PMMA grafted at 327°C.
FTIR and Raman spectroscopy gave a reliable proof of grafting through changes in the characteristic signals. The ninhydrin test and the feather fiber signals found in the residue confirm the chemical bond between keratin molecules and PMMA, inasmuch the non-attached aminoacids are dissolved by acid hydrolysis.
The grafting yield depends on the reaction conditions. This is the object of a careful analysis and will be reported elsewhere.
Due to the outstanding characteristics of feather fibers, a large piece of our current research is devoted to the reinforcement of polymeric composites. This could be enhanced by grafting with different polymers, since the fibers confer an improvement in the mechanical properties on composites, offering opportunities for the development of novel materials. The grafted polymer covers the fiber surface, achieving a good interface between the matrix and the biological material. This could be useful for thermoplastic, thermostable or biodegradable polymers.
